Preclinical research suggests that N-methyl-D-aspartate glutamate receptors (NMDA-Rs) have a crucial role in working memory (WM). In this study, we investigated the role of NMDA-Rs in the brain activation and connectivity that subserve WM. Because of its importance in WM, the lateral prefrontal cortex, particularly the dorsolateral prefrontal cortex and its connections, were the focus of analyses. Healthy participants (n ¼ 22) participated in a single functional magnetic resonance imaging session. They received saline and then the NMDA-R antagonist ketamine while performing a spatial WM task. Time-course analysis was used to compare lateral prefrontal activation during saline and ketamine administration. Seed-based functional connectivity analysis was used to compare dorsolateral prefrontal connectivity during the two conditions and global-based connectivity was used to test for laterality in these effects. Ketamine reduced accuracy on the spatial WM task and brain activation during the encoding and early maintenance (EEM) period of task trials. Decrements in task-related activation during EEM were related to performance deficits. Ketamine reduced connectivity in the DPFC network bilaterally, and region-specific reductions in connectivity were related to performance. These results support the hypothesis that NMDA-Rs are critical for WM. The knowledge gained may be helpful in understanding disorders that might involve glutamatergic deficits such as schizophrenia and developing better treatments.
INTRODUCTION
There is substantial interest in understanding the neural basis of working memory (WM), a cognitive resource used for temporary memory storage and guidance of ongoing behavior (Baddeley, 1992) . WM deficits are associated with schizophrenia and other neuropsychiatric disorders. Thus, the study of WM in humans has important implications for both basic and clinical neuroscience. Prior studies in non-human primates implicated regions of lateral prefrontal cortex (LPFC) in the component processes that comprise WM (Fuster and Alexander, 1971; Goldman-Rakic, 1995; Wang et al, 2011) . This research has concentrated on the WM phases of encoding, maintaining, and using information to guide response and linked them to distinct neuronal populations. Research in humans has confirmed the importance of LPFC in WM and focused attention on WM subprocesses and the network of brain areas that subserve them (Courtney et al, 1998 (Courtney et al, , 1997 D'Esposito et al, 1998; Leung et al, 2002) .
Preclinical research studies indicate that N-methyl-Daspartate glutamate receptors (NMDA-Rs) are critically involved in WM. For example, NMDA-Rs contribute to the recurrent cortical excitation that is thought to model the maintenance of information in WM (Fellous and Sejnowski, 2003; Lisman et al, 1998; Seamans et al, 2003) . In awake, behaving rodents, NMDA-R antagonists attenuate PFC neural activity associated with WM maintenance Jackson et al, 2004) . Also, NMDA-R antagonists impair WM performance in both non-human primates (Baron and Wenger, 2001; Frederick et al, 1995; Roberts et al, 2010) and humans (Ghoneim et al, 1985; Krystal et al, 1994; Oye et al, 1992) . The authors of a prior functional magnetic resonance imaging (fMRI) study in humans suggested that NMDA-R antagonists alter the brain activation related to the manipulation of information in WM (Honey et al, 2004) . However, this has been the only link between WM deficits produced by NMDA-R antagonists in humans and non-human primates and a direct or surrogate measure of brain activity.
In this investigation, we aimed to further establish this link and to characterize the role of NMDA-Rs in LPFC networks in encoding, maintenance, and response. In this way, we hoped to increase our knowledge about the role of NMDA-Rs in WM as well as lay the groundwork for integrated translational research on WM. To achieve this objective, we tested the effects of the uncompetitive NMDA-R antagonist, ketamine, at a dose previously demonstrated to impair WM function and induce transient schizophrenia-like symptoms in humans (Krystal et al, 1994) .
To allow detailed examination of prefrontal function under ketamine blockade, we used an event-related fMRI design that incorporated a memory load manipulation and analyzed its time course of activation to help differentiate the initial encoding and early maintenance (EEM), later maintenance (LM), and response phases of WM (Driesen et al, 2008; Leung et al, 2002 Leung et al, , 2004 . Preclinical research suggests that these stages may, at least partially, be subserved by distinct neuronal populations and neurotransmitters. NMDA and D1 dopamine receptors establish and maintain sustained activity in the prefrontal circuit (Castner and Williams, 2007; Homayoun et al, 2004; Lisman et al, 1998) , whereas D2 dopamine receptors are critical for response (Seamans and Yang, 2004; Wang et al, 2004) . In addition, initial evidence suggests that AMPA and NMDA currents are involved in encoding (Wang et al, 2013) . The paradigm used in this study was developed by Goldman-Rakic and colleagues to assist in separating these stages and thus promote translational WM research. A control task is included that serves as a sensory processing comparator for memory-related features of the WM task (Leung et al, 2002) . To reduce the number of statistical comparisons, we restricted our time-course analysis to previously defined anatomical regions of interests (ROIs) in LPFC. We also included an anatomically defined ROI for Heschl's gyrus, a primary auditory region that is activated by scanner noise but not by the visual WM task. This helped us to differentiate broad systemic effects, such as changes in neurovascular coupling, from changes caused by ketamine's effect upon task-related activation.
We extended our study of NMDA-antagonist effects on PFC to the wider cortical network that subserves WM through seed voxel connectivity analysis (Biswal et al, 1995; Hampson et al, 2002; Raichle et al, 2001 ) and tested for lateralization of these effects with global-based connectivity or GBC (Cole et al, 2012; Cole et al, 2011; Cole et al, 2010) . In doing so, we examined whether NMDA-R antagonists disrupt connectivity between a key WM node, namely dlPFC, and the WM network. The seed used in the present analyses was defined in previous studies of the 'control network,' a brain network encompassing dlPFC and other areas typically involved in WM (Dosenbach et al, 2007; Dosenbach et al, 2006) . We hypothesized that ketamine would impair WM performance and reduce WM-related brain activation. In addition, reasoning that an impaired PFC would have difficulty initiating or sustaining network activity, we predicted that ketamine would reduce connectivity in the dlPFC network. We further hypothesized that reductions in connectivity and activation would have implications for WM performance.
MATERIALS AND METHODS

Participants
Our sample was composed of 22 right-handed, healthy volunteers (14 male) between 21 and 44 years old. All subjects denied a history of neurological disorder, substance abuse or dependence, or other psychiatric illness, and did not have a first-degree relative with substance abuse or psychiatric history. Screening procedures are described in Supplementary Information. The protocol was approved by the Yale and Western Institutional Review Boards, and all subjects provided written informed consent.
Spatial WM Task
The spatial WM task ( Figure 1a ) was similar to that previously reported by Driesen et al (2008) . There were two memory load conditions. For the high-memory-load (4-target) condition, participants fixated on a dot at the center of the visual field for 3250 ms. Stimuli consisted of four red solid circles at different eccentricities relative to fixation that were presented sequentially. Each circle was presented for 1 s with a 250-ms interstimulus interval. After a 16-s retention interval, a probe (ring) appeared on the screen for 1 s. The subject pressed a button to indicate whether the probe location matched the spatial location of one of the previously presented circles. After subjects responded to the probe, the fixation dot changed to a cross. The subsequent change from a cross to a dot signaled the onset of the next trial. The inter-trial interval was 14 s. The low-memory-load (2-target) condition was the same as the four-item except only two circles were presented. An additional 2500 ms were added to the inter-trial interval to equalize the total length of the 4-target and 2-target trials. The control (no WM) task closely resembled the 4-target task except that the color of the circles was gray and the subject had been instructed to simply attend to the stimuli without attempting to remember. Two high load, two low load, and two control trials alternated in each run in a fixed order. Accuracy (percent correct) and reaction time (RT) were recorded.
Procedures
Participants who passed screening were scheduled for an experimental session. If possible, female subjects were scheduled so that they were in the follicular phase of their cycle. On the morning of the scan, participants were assessed with the Positive and Negative Syndrome Scale (PANSS; Kay et al, 1986) and received training on the spatial WM task. Two intravenous catheters were placed: one for infusing saline and later ketamine, and another for drawing blood samples. Participants were placed in a 3-Tesla Trio scanner. Each subject's pulse, respiration, oxygen saturation and heart rate were monitored throughout the scanning session.
After acquisition of structural images, functional imaging commenced with a visual fixation scan during which participants looked at a projected cross back-projected onto a mirror. Scan parameters are in Supplementary Information. Seventy-five seconds into the scan, participants received a saline bolus. They then received a constant saline infusion and completed eight scans of the spatial WM task. The task consisted of 4-target, 2-target, and control trials. In the control trials, subjects viewed four targets but were instructed not to memorize their locations. Accuracy (percent correct) and RT were recorded and analyzed in separate repeated-measure MANOVAs.
Following these saline infusion scans, the visual fixation scan and eight spatial WM scans were repeated with ketamine infusion. The initial ketamine bolus was 0.23 mg/kg over 1 min, and the subsequent constant infusion was 0.58 mg/kg/h over the remainder of the scanning session. The volume of the saline bolus and infusion were comparable to that of the ketamine bolus and infusion. Blood samples were taken approximately 5, 25, and 45 min after the start of each bolus and were later analyzed with a previously published method (Krystal et al, 1998) . Connectivity alterations during the bolus run were analyzed and will be reported elsewhere.
The entire scanning session lasted approximately 2-2.5 h. Afterward, participants were removed from the scanner and reassessed with the PANSS. Ratings considered their entire ketamine experience and were converted to factor scores for positive, negative, and cognitive symptoms (Bell et al, 1994) . 'Positive' refers to psychotic-like symptoms, 'negative' to social withdrawal and blunted affect, and 'cognitive' to thought disorder and poor concentration. Symptom factor scores under saline and ketamine were compared in separate paired t-tests. 
Image Analysis
Time-course analysis. Preprocessing and image analysis software are described in Supplementary Information. To calculate time courses, we created spatial ROIs based on our previous experience with the task (Driesen et al, 2008; Leung et al, 2002 Leung et al, , 2004 . These ROIs had a 10-mm radius and measured activity within the middle frontal gyrus (MFG), inferior frontal gyrus (IFG), and superior frontal gyrus (SFG) in the area of the superior frontal sulcus (see Table 1 ). The average time course for each ROI and trial type was extracted from the preprocessed data for each scan. Each time point was expressed as a percent signal change from the pre-stimulus baseline, which consisted of three images collected at the beginning of the fixation period. At this stage of the analysis, information about percent signal change at each time point-ie, for each repetition time (TR), ROI, and trial type-were maintained. Based on our earlier work (Driesen et al, 2008) , the percent signal change was averaged across sequential time points to represent different WM phases, specifically, EEM (8.75-17.75 s), LM (18-24 s), and response phases (27-34.5 s) as shown in Figure 1b .
These average percent signal change scores were analyzed using mixed models (Brown and Prescott, 1999; Gueorguieva and Krystal, 2004) , a statistical technique that allows inter-correlated dependent variables. We fitted a model with four within-subject independent variables: drug (saline, ketamine), task phase (EEM, LM, response), LPFC ROI (IFG, MFG, SFG), and memory load (control, 2-target, 4-target). Significant interactions involving load were followed by separate post-hoc analyses of the WM trials (2-target, 4-target) and the control task.
Each model used the best-fitting correlation structure to account for the correlations within individual subjects and to provide maximum power for detecting effects. For each model employed, the best-fitting variance-covariance structure was selected using Schwartz-Bayesian Information Criterion. Non-significant interactions at the 0.1 level were dropped from the model so that at each step the model was hierarchically well-formulated. Follow-up analyses were reported with uncorrected p-values. Bonferroni correction was applied for multiple comparisons within but not between hypotheses. All analyses reported were statistically significant at the 0.05 level, after correction for multiple comparisons.
A bilateral ROI for Heschl's gyrus from the HarvardOxford Cortical Atlas, available in FSL, served as a control region. We chose this area because it is a primary cortical area that receives stimulation during scanning but has no specific role in a visual WM task. Thus, phase and trial type were irrelevant, and all the time points within each drug condition were averaged and compared with a paired t-test.
Connectivity Analysis
Connectivity maps. Cluster correction for all statistical maps is described in Supplementary Information. For the connectivity maps, first-level analyses were completed in two steps. First, we removed the global mean brain signal. Second, we completed two individual analyses, one for the R-dlPFC seed, a voxel located at MNI co-ordinates 43,22,34 and one for the L-dlPFC seed, a voxel located at À 43,22,34. This voxel is slightly posterior to the MFG ROI used in the activation analyses. We extracted a time series for each seed (MNI right: 43, 22, 34; left: À 43, 22, 34) from each subject's MNI-transformed data and also extracted additional time series from a voxel in the lateral ventricle and one in the central white matter of each hemisphere to serve as nuisance regressors. Separate multiple regressions were conducted in FSL for the left and right dlPFC seed, with each using the same nuisance regressors. The resulting statistical maps for each subject represented the positive and negative correlation of each voxel to the right or left dlPFC seed. Individual maps for each scan were combined to produce two second-level individual maps, one for saline and one for ketamine. These maps were then entered into higher-level FSL analyses to calculate group maps depicting the influence of drug condition (saline, ketamine) upon connectivity of these dlPFC seeds.
Testing for lateralization of connectivity effects. Because the L-dlPFC and R-dlPFC seeds were not homologous, we employed global-based connectivity or GBC, a method not biased by seed choice, to assess laterality effects. We first defined the WM network using the anatomical ROIs that our group has developed from previous investigations (Driesen et al, 2008; Leung et al, 2002 Leung et al, , 2004 . We then completed a GBC that was restricted to this WM network. In this case, GBC would refer to the average correlation of each and every voxel in the WM network with all the other voxels in the network. We then evaluated the average GBC of the left and right dlPFC ROIs under each condition (saline, ketamine) with all the other voxels in the WM network. We performed a drug (saline, ketamine) Â hemisphere analysis with the MANOVA approach to repeated measures.
Relating connectivity to WM performance. We investigated this relationship in two ways. First, we evaluated whether overall changes in connectivity, regardless of their location, were associated with performance changes. To accomplish this, we counted the number of voxels in an individual's dlPFC saline and ketamine maps whose z score was higher than 1.96 and subtracted the saline voxel count from the ketamine voxel count. These difference variables were then correlated with performance change scores. Second, we evaluated whether connectivity changes in specific regions were associated with performance changes. To accomplish this, we created a statistical map of correlations between performance and connectivity changes on a voxel-by-voxel basis. The resulting correlation map was then converted to a p-map and cluster-corrected. All clusters were screened for outliers by graphing individuals' average connectivity change score for a cluster against their outcome variable score.
RESULTS
Assessment of movement indicated no significant effects of drug, scan, or their interaction (see Supplementary  Information) . Mean blood plasma ketamine levels were stable in the participants throughout the scanning session ( þ 5 min: 140.9±58 ng/ml, þ 25 min: 133.5±30 ng/ml, þ 45 min: 161.7 ± 33 ng/ml). Performance as measured by percent correct and RT was assessed in separate load (2-target, 4-target) Â drug (saline, ketamine) ANOVAs ( Figure 1b . The difference between ketamine and saline was not significant for the LM or response phases. Auditory time courses during the saline and ketamine condition were quite similar and did not differ statistically (Figure 2 ). There was no correlation between EEM decreases and positive, negative, or cognitive PANSS symptoms. Because ketamine-related decrements in percent signal change were statistically significant during the EEM phase, we examined the relationship between percent signal change and performance accuracy (percent correct) during this phase. In our mixed model, the difference between EEM percent signal change during ketamine and EEM percent signal change during saline served as the dependent variable. Performance accuracy, hemisphere (right vs left), memory load (4-target vs 2-target), and gyrus (MFG, SFG, IFG) were the independent variables. Alterations in EEM percent signal change were related to alterations in performance accuracy, with associative strength varying between load and gyrus, change in accuracy by load by gyrus, F(2,211) ¼ 5.48, p ¼ 0.005. Post-hoc comparisons were not statistically significant after multiple comparison corrections (see Supplementary Information, Supplementary Table 3 ).
Connectivity
During performance of the WM task, there was a pronounced decrease in connectivity between the R-dlPFC seed and many brain areas under ketamine compared with saline ( Figure 3) . We refer to this result as hypoconnectivity. Within the frontal lobe, these regions of hypoconnectivity included the MFG extending anteriorly and inferiorly to the IFG, the frontal pole, and frontal orbital cortex, with additional hypoconnected areas in the insula and medial frontal gyrus (not shown). In the parietal lobe, decreased connectivity under ketamine was observed in the angular gyrus, extending inferiorly to the medial temporal and occipital gyri. In the frontal and parietal lobe, hypoconnectivity was mainly noted in areas that were positively correlated with the dlPFC seed time course under saline. The only area of hyperconnectivity observed in this analysis was in the parietal operculum near the border between the planum temporale and the insula.
Hypoconnectivity was also observed with respect to the L-dlPFC seed and there were no clusters where dlPFC connectivity was greater under saline than ketamine. A restricted GBC of the WM network was performed to assess laterality effects (see Materials and Methods). There was a main effect of drug with connectivity being lower under ketamine than saline, F ¼ 38.2 (1,21), po0.001. The effect of hemisphere and the interaction of hemisphere and drug were not statistically significant (p's40.38).
Connectivity and Performance
There was no statistically significant relationship between decreases in the number of voxels significantly correlated with the seed and performance. However, statistical maps correlating performance with connectivity changes indicated that ketamine-associated alterations in dlPFC networks were related to performance. There were moderate correlations (absolute values from 0.64-0.75) between alterations in dlPFC connectivity in specific areas and performance ( Figure 4 ; Supplementary Information, Supplementary  Tables 4 and 5 ). Most of the correlations between these moderating areas and dlPFC were negative, indicating an association between reduced connectivity in these areas and preserved or improved performance under ketamine. Positive correlations occurred mainly in the thalamus.
DISCUSSION
As predicted by our hypotheses, ketamine impaired performance and reduced task-related activation in LPFC during the spatial WM task. Ketamine infusion was also associated with reduced connectivity during task in a network of brain areas involved in WM. Observed reductions in activation and connectivity were related to performance.
Activation During Task
Ketamine reduced task-related activation in the LPFC during the EEM task phase. This finding can be challenged as simply reflecting altered neurovascular coupling. However, previous investigators have reported both increases and decreases in activation under ketamine (Abel et al, 2003; Fu et al, 2005) , and the drug did not significantly reduce activation in the control task or in the auditory ROI. This suggests that ketamine's effect on this task was specific to WM. These results parallel those of Wang et al (2013) who show that in the non-human primate, NMDA-R antagonists applied iontophoretically in the dlPFC systemically reduce firing in cue and delay neurons during the EEM phase of WM. This phase comprises sensory perception, memory encoding, and memory maintenance. Ketamine alters sensory perception (Krystal et al, 1994; Oye et al, 1992; Vollenweider et al, 1997) , reduces vigilance (Krystal et al, 1999; Krystal et al, 1994) , and increases distractibility (Krystal et al, 2005b; Krystal et al, 1999) . However, the effects on perception and attention, even at higher doses, are relatively subtle and do not explain the impairments in WM or declarative memory in prior studies (Newcomer and Krystal, 2001 ). These findings are consistent with the observation that, in this sample, positive cognitive or negative symptoms as measured by the PANSS did not correlate significantly with WM or with EEM activation deficits. Non-statistically significant trends in the data suggest that activation deficits might persist beyond the EEM, but this will need to be addressed in further experimentation.
Connectivity
To assess connectivity during task, we used a seed known to correlate highly with a group of areas involved in WM and other control processes. Notably, many of the connectivity reductions observed in the WM network during ketamine infusion were in areas that had previously had statistically significant correlations with the seed under saline (Figure 3) , suggesting that ketamine produced substantial compromise in the network's ability to function. We further corroborated this hypothesis by using the GBC method and pre-defined anatomical ROIs to demonstrate that the connectivity strength of the left and right dlPFC was reduced during ketamine infusion. No laterality differences were observed in this effect.
Our recent report of increased ketamine-associated global hyperconnectivity during rest (Driesen et al, 2013) might shed light on the current finding of decreased dlPFC connectivity during the WM task. In fact, the same seed used in the current investigation exhibits hyperconnectivity during rest under ketamine ( Supplementary Information,  Supplementary Figure 2) . WM requires an exquisite interplay of brain areas, and much of this co-ordination would be evident in the correlational structure of the blood oxygen level-dependent signal during the WM task. Thus, the combined connectivity findings might suggest that when under ketamine, the brain is still capable of increased functional connectivity, as is observed during rest; but the brain is incapable of generating the coordinated activity required for WM, as is observed during the spatial WM task.
Performance
The observation that ketamine significantly reduced performance on the spatial WM task further supports the view that ketamine produced dysfunction in the dlPFC and its network. This finding, however, was not universal, and some subjects, perhaps in an effort to compensate for perceived and/or actual deficits, improved their performance under ketamine. This performance variability allowed us to further investigate how ketamine-associated functional brain alterations might contribute to WM dysfunction. Ketamine-related changes in activation during the EEM were strongly associated with ketamine-related performance decrements, in a complex manner involving load and gyrus effects. Larger sample sizes might be required to elucidate these relationships.
It was not clear which brain areas would show connectivity alterations that were associated with performance. Accordingly, we took an empirically driven approach that was hypothesis generating rather than hypothesis confirming. In this endeavor, cluster correction was used to guard against false positives. Connectivity alterations in several areas were correlated with performance change under ketamine (Supplementary Information, Supplementary Tables 4 and 5). Correlations in most areas were negative, indicating that, in comparison to other subjects, lower correlations between R-dlPFC and the voxels in the cluster were associated with preserved or even improved performance under ketamine. These negatively correlated areas, with the exception of the bilateral IFG and the supramarginal gyrus, were not areas central to WM (D'Esposito et al, 1998; Leung et al, 2002; Smith et al, 1998) and thus peak functioning may have been unnecessary for the task. The reduced connectivity observed may reflect a sparer, more efficient process for accomplishing the task that promotes successful performance under ketamine challenge.
In this study, improved WM performance was associated with reduced IFG-dlPFC correlation. This finding was surprising as IFG typically activates along with dlPFC during WM (D'Esposito et al, 1998; Leung et al, 2002; Smith et al, 1996) . However, IFG-dlPFC functional decoupling, perhaps related to cognitive control, might be a feature of the distracting effects of emotional arousal on WM (Dolcos et al, 2006a; Dolcos and McCarthy, 2006b ). Thus, the arousing effects of ketamine might contribute to its disruptive effects on PFC activation during WM.
The finding that subjects who retained or increased connectivity between the anterior thalamus and the R-dlPFC also supports the importance of emotional control in preserving performance under ketamine. The anterior thalamus is closely associated with the limbic system (Fitzgerald et al, 2011) . Thus, stronger connectivity between dlPFC and anterior nucleus might indicate greater engagement of control processes in warding off distracting emotions related to the ketamine experience.
Neuronal Basis of Ketamine Effects
The literature suggests that two, potentially complementary, mechanisms could produce the reduced WM-related activation and functional connectivity observed in this study. First, NMDA-R antagonists could directly affect pyramidal neurons in the dlPFC. Establishing and sustaining the recurrent excitation necessary for WM requires D1 and NMDA receptor stimulation (Castner and Williams, 2007) . Thus, blocking NMDA-Rs in dlPFC would necessarily impair recurrent excitation in LPFC. This dysfunction would then likely affect the entire WM network. Second, WM networks are tuned by GABA interneurons (Arnsten, 2011; Rao et al, 2000) and there is evidence that NMDA-R antagonists, perhaps preferentially, impair GABA interneurons (Grunze et al, 1996; Homayoun and Moghaddam, 2007; Jackson et al, 2004; Maccaferri and Dingledine, 2002) . In reality, these mechanisms are extremely difficult to dissociate because GABA interneurons and pyramidal neurons function in a reciprocal manner.
Limitations
This study has several limitations. First, although ketamine is among the most selective NMDA-R antagonists available for human studies, it has secondary sites of action unrelated to blockade of NMDA glutamate receptors (Cohen et al, 1974; Oye et al, 1992; Oye et al, 1991; Smith et al, 1980) . Despite this, investigators have repeatedly shown that, adjusting for potency and pharmacokinetic differences, ketamine's effects closely resemble those of the more selective NMDA-R antagonists used in animal studies (Anis et al, 1983; Moghaddam et al, 1997; Wood et al, 2012) . Moreover, research in animal and human models supports the hypothesis that cognitive effects and psychiatric symptoms observed in this study are directly linked to NMDA-R antagonism (Krystal et al, 2005b; Krystal et al, 1999; Moghaddam and Adams, 1998; Roberts et al, 2010) .
Second, to avoid possible brain correlates related to error monitoring and subject frustration, we purposely chose a task that subjects would be able to perform fairly well under ketamine. Thus, we do not have enough error trials to perform a separate analysis on error trials alone. However, to determine whether the inclusion of the relatively few error trials influenced the reported analysis, we computed mean time courses for the correct trials only. The ordering of these effects was similar to those reported for the combined correct and incorrect trials ( Supplementary  Information, Supplementary Figure 3) .
Third, although this experimental design does not control for order effects, it is based on our previous out-of-scanner ketamine studies. Of note, we have previously found that data collected in long double sessions are comparable to those collected in single sessions (Krystal et al, 2005a) . Also, order of saline and ketamine administration does not affect observed ketamine-related short-term memory deficits (Krystal et al, 2000) . In the current study, scan-by-scan analyses of the principal activation and connectivity findings do not suggest fatigue (Supplementary Information, Supplementary Figures 4 and 5) . In a subsequent study (n ¼ 16), we found that saline (M ¼ 3.6, SD ¼ 1.2) and ketamine (M ¼ 3.5, SD ¼ 1.6) self-ratings of sedation were quite similar (Driesen et al, unpublished) . However, the small number of trials per scan does not allow us to rule out the possibility that the behavioral results were affected by fatigue. Future studies that better control for order effects could strengthen confidence in the study findings. Finally, the spatial and temporal resolution of fMRI limits this study's ability to identify the cellular bases of the reported findings or to fully resolve subprocesses within WM. Thus, findings reported here need to be qualified by careful, preclinical investigations.
Conclusions
In this study, we have demonstrated that the NMDA-R antagonist ketamine decreases LPFC activation during early WM when percepts are encoded and the resulting WM traces are stored, established, and initially maintained. Ketamine also reduced connectivity within the WM network. These alterations were linked to performance impairment observed under ketamine. The current findings indicate critical roles for NMDA-Rs in WM. Medications that ameliorate the impact of NMDA-R antagonists might have a role in the treatment of cognitive impairments, particularly those observed in schizophrenia. 
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